The 3'-terminal genomic regions of an isolate of watermelon mosaic virus II (WMVII) and a Florida isolate of zucchini yellow mosaic virus (ZYMV-F) have been cloned. The nucleotide sequence of the WMVII cDNA clone shows the presence of the large nuclear inclusion protein gene, the coat protein gene and 3' untranslated region. The nucleotide sequence of a ZYMV-F cDNA clone shows the presence of the coat protein gene and 3' untranslated region. Comparisons of the nucleotide and deduced amino acid sequences of these clones with those from other potyviruses show that WMVII and the soybean mosaic virus N strain are closely related, thus supporting their classification as different strains of the same virus. Our comparisons also indicate that ZYMV-F is a distinct potyvirus type and that its closest relative is WMVII. Phylogenetic analysis using the most-parsimonious branching arrangement derived from the alignment of coat protein gene sequences suggests the existence of two major potyvirus groupings.
Introduction
Watermelon mosaic virus 2 (WMVII) and zucchini yellow mosaic virus (ZYMV) are important pathogens of cucurbit crops, and occur in many cucurbit-growing regions of the United States (Alderz et al., 1983; Provvidenti et al., 1984; Nameth et al., 1985; Chala et al., 1987; Davis & Mizuki, 1987) . Both viruses belong to the plant potyvirus group (Purcifull & Hiebert, 1979; Purcifull et al., 1984) . Molecular analyses of several potyvirus genomes, in particular those of tobacco etch virus (TEV-HAT) (Allison et al., 1986) , tobacco vein mottling virus (TVMV) (Domier et al., 1986) , plum pox virus (PPV-NAT) (Maiss et al., 1989) and potato virus Y (PVY-N) (Robaglia et al., 1989) have revealed genomes consisting of about 10000 nucleotides of positive-sense, single-stranded RNA. These genomes possess a virusencoded protein attached to the 5' end and a series of adenosine residues attached to the 3' end. Potyvirus genomic RNAs are translated into a single large polyprotein (Yeh & Gonsalves, 1985; Allison et al., 1986; Domier et al., 1986; Maiss et al., 1989) which is processed by proteolytic cleavage into five or six functional proteins (see review by . In the potyviruses examined so far, the last three genes encode (5' to 3') the two nuclear inclusion proteins (NIa and NIb), followed by the coat protein which is adjacent to the 3' untranslated region (Allison et al., 1986; Domier et al., 1986; Maiss et al., 1989; Robaglia et al., 1989) . Proteolytic processing has been determined to be the function of the NIa protein (also referred to as the 49K protease). It cleaves the polyprotein at a specific conserved amino acid sequence including the dipeptides Gln-Ser, Gln-Ala or Gln-Gly (Domier et al., 1986; .
WMVII has been found to be serologically related to a Florida isolate of ZYMV (ZYMV-F) (PurcifuU et al., 1984; Davis, 1986) , as well as to Johnson grass mosaic virus (JGMV-JG; Shukla et al., 1988 b) . However, in the case of JGMV-JG this serological relationship may be limited to the first eight N-terminal amino acids and thus may not be indicative of a phylogenetic relationship (Shukla & Ward, 1989b) . Furthermore, the recent determination of the amino acid and nucleotide sequences of an Australian isolate of WMVII (Yu et al., 1989; Frenkel et al., 1989) has shown that it is closely related to the N strain of soybean mosaic virus (SMV-N). Such findings are indicative of the complex nature of potyvirus classification. However, the use of coat protein amino acid sequences, either determined directly or deduced from the nucleotide sequence, has recently been shown to be useful for obtaining taxonomic classifications of distinct potyvirus types and their related strains (Shukla & Ward, 1988 .
We report here the cloning strategy and nucleotide sequencing of the genomic regions encoding the large
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H. Quernada and others nuclear inclusion protein (NIb) and coat protein of a different isolate of WMVII [referred to as WMVII (USA)] and the coat protein gene region of ZYMV-F. The nucleotide and derived amino acid sequences of these viruses are compared with those of other potyviruses. We have also used the nucleotide sequences of these potyvirus coat protein genes to derive their hypothetical evolutionary relationships. The knowledge of the phylogenetic relationships between these potyviruses should help in leading us to a better understanding of the biology of this virus group.
Methods
Cloning of WMVll and ZYMV-F. Virus isolates of WMVI1 (USA) (culture FC-1656, kindly provided by Dr D. E. Purcifull, University of Florida, Gainesville, Fla., U.S.A.) and ZYMV-F (Provvidenti et al., 1984) were propagated in squash and purified as described previously for WMVII (Purcifull & Hiebert, 1979) and papaya ringspot virus (PRV; Quemada et al., 1990) . RNAs were isolated as described by Quemada et al. (1990) .
Phage 2gtl 1 cDNA libraries of WMVII (USA) and ZYMV-F were constructed as described previously (Quemada et al., 1989) , using oligo(dT) primers (Pharmacia) to initiate synthesis from the poly(A) tail of the viral RNA. EcoRI linkers were ligated to the double-stranded viral cDNAs, and these constructs were ligated to phosphatase-treated 2gtl 1 arms (Stratagene). Recombinant phage DNAs were encapsidated using an in vitro packaging mix (Stratagene). Both of these libraries were screened by plaque hybridization as previously described (Slightom & Drong, 1988) , using a 3zp-labelled EcoRI fragment from the PRV-W clone W 1-77, which contains the coat protein gene region (Nagel & Hiebert, 1985; Quemada et al., 1990) . Hybridization and washing were done at low stringency (55 °C) to detect poorly matching (66% overall shared identity) potyvirus coat protein gene sequences. Hybridizing clones were plaque-purified, phage DNAs isolated and digested with EcoRI, followed by agarose gel electrophoresis to determine the size of the cloned cDNA inserts. At least five hybridizing 2gtll clones from each virus cDNA library were analysed. Clones 2gtWMVII-3.2 and 2gtZYMV-15 were found to contain the largest cDNA insert for their respective virus genomes. This preliminary restriction enzyme analysis showed that 2gtZYMV-15 did not contain both flanking EcoRI sites. The EcoRI site expected to be located at the ;tgtl 1 right arm/cDNA insert junction was absent, probably due to a mutation occurring during the ligation event.
Fragments of the 2gtl 1 clones encoding viral coat protein were identified by Southern hybridization using the probe and hybridization conditions described above. In the case of WMVII (USA), two contiguous EcoRl fragments totalling 3.2 kb in length hybridized to the 32p-labelled inserts of PRV-W clones Wl-77 and Wl-18 (Nagel & Hiebert, 1985) . Therefore, subcloning of this cDNA insert was done by partial EcoRI digestion. The resulting 3.2 kb fragment was gel-purified (Maniatis et al., 1982) and ligated into pUC 19, producing a clone which was designated pWMVII-3.2. In the case of ZYMV-F, mapping of the phage clone showed that the coat protein-encoding region was contained within a 2-9 kb KpnI-EcoRI fragment which contained approximately 1 kb of the 2 right arm (see Fig. 1 ). This fragment was subcloned into KpnI-EcoRI-digested pUC18 and the resulting clone was designated pZYMV-15.
The subcloned fragments were sequenced by the chemical (Maxaw & Gilbert, 1980) and double-stranded dideoxynucleotide (Sanger et al., 1977; Zagursky et al., 1985) sequencing methods. Computer-aided nucleotide and amino acid sequence analyses to search for open reading frames (ORFs) and to estimate sequence differences were done with the aid of the UWGCG Computer programs (Devereux et al., 1984) .
Comparative analyses and the construction of phylogenetic trees. The published sources for the nucleotide sequences used in our sequence alignments were as follows: BYMV-GDD (bean yellow mosaic virus; Hammond & Hammond, 1989) ; SMV-N (soybean mosaic virus; Eggenberger et al., 1989) ; PVY-N (Robaglia et al., 1989) ; PRV strains W and P (Quemada et al., 1990) ; PeMV (pepper mottle virus; Dougherty et al., 1985) ; TEV-HAT (Allison et aL, 1986) ; PPV-NAT (Maiss et al., 1989) ; JGMV-JG (Gough et al., 1987) ; TVMV (Domier et al., 1986) ; WMVII (Aust.) (Australian isolate of WMVII; . In addition to these sequences, published sources for amino acid sequences used to construct Table 1 were for WMVII (Aust.) Yu et al. (1989) and for PWV-TB (passion-fruit woodiness virus) Shukla et al. (1988a) .
In constructing Table 1 , the percentage amino acid sequence identities were calculated in two ways: (i) from perfect matches after aligning with the UWGCG program GAP and (ii) by employing a matching table based on evolutionary conservation of amino acids (Dayhoff et al., 1979) . Gaps were introduced in amino acid and nucleotide sequence alignments of WMVII (USA) and the other potyviruses to maximize identities and gaps were counted as one mismatch regardless of length.
Multiple sequence alignment of nucleotide sequences of potyvirus coat protein gene regions was accomplished using the alignment program CLUSTAL designed by Higgins & Sharp (1988 . Genealogical reconstructions for the aligned sequences were accomplished using the Phylogenetic Analysis Using Parsimony (PAUP) program developed by Swofford (1985) as described by Miyamoto et al. (1987 Miyamoto et al. ( , 1988 . For genealogical reconstructions, gaps were counted as single differences regardless of length. Gaps involving different contiguous sites were treated as independent attributes related to separate events.
Results

Nucleotide sequence of clone p WM VII-3.2 cDNA insert
A partial restriction enzyme map along with the sequencing strategy of the WMVII (USA) plasmid clone pWMVII-3.2 is given in Fig. 1 and its sequence is shown in Fig. 2 . Clone pWMVII-3.2 was found to contain 3332 bp of the 3' end of the WMVII (USA) genome, including a stretch of adenosine residues. The presence of this poly(A) stretch suggests that this cDNA insert includes the 3' terminus of the WMVI1 (USA) genome. Alignment comparisons with the nucleotide sequences of TEV-HAT (Allison et al., 1986) , TVMV (Domier et al., 1986) , PPV-NAT (Maiss et al., 1989) and PVY-N (Robaglia et al., 1989) confirm that this clone contains sequences which share identity with T-terminal regions of potyviruses. The nucleotide sequence of pWMVII-3.2 showed no ORF spanning the entire sequence. The longest ORF (found in reading frame 2) contains ." translation termination codon at position 803 (see Fig. 2 ). Repeated sequencing of this region (see Fig. 1 ) confirmed the presence of this termination codon. Because (Maxam & Gilbert, 1980) distance read from the end-labelled restriction enzyme sites (which are denoted by the vertical arrows). Restriction enzyme sites derived from the addition of linkers to the cDNA inserts are indicated (linker). Regions of the cloned inserts sequenced using double-stranded DNA sequencing method (Zagursky et al., 1985) are indicated by the oligomer numbers and the distance sequenced from each primer is indicated by the length of the adjacent horizontal arrow. The vertical arrow labelled J, indicates the junction region between the 2 right arm and the cloned insert of ZYMV cDNA. The vertical arrows labelled with an asterisk indicate the location at which defects appear, a terminator in the WMVII sequence and a frameshift in the ZYMV sequence. the complete sequences of four potyvirus genomes show only a single ORF (Allison et al., 1986; Domier et al., 1986; Maiss et al., 1989; Robaglia et al., 1989) , the presence of this termination codon in clone pWMVII-3.2 is most likely an artefact of the recombinant DNA process. The entire deduced amino acid sequence from reading frame 2 was compared with the amino acid sequences from similar regions of TEV-HAT and TVMV. These comparisons yielded identical predictions regarding the boundaries between the NIb, NIa and coat proteins. These predicted boundaries (Fig. 2) occur between the amino acids Gin and Ser which is consistent with the known polyprotein cleavage sites ofpotyviruses (Domier et al., 1986; Carrington & Dougherty, 1987a, b; Dougherty et aL, t 988, 1989a, b) .
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Nucleotide sequence analysis of clone pZYMV-15 insert
Mapping of the parent lambda clone 2gtZYMV-15 indicated that it was not flanked by EcoRI sites, so the ZYMV-F cDNA insert was subcloned into pUC18 by isolating a 2-9 kb EcoRI-KpnI fragment which included approximately 1 kb of ,l DNA (Fig. 1) . The nucleotide sequence revealed that the insert of clone pZYMV-15 contains 1963 bp of the ZYMV-F genome (Fig. 3) . The presence of a stretch of adenosine residues at the 3' end indicates that this cDNA insert represents the 3" portion of the ZYMV-F genome. Analysis of this sequence revealed no single ORF spanning the complete cDNA insert of pZYMV-15. The longest ORF is encoded in reading frame 3 (which is shown in Fig. 3) expected translation termination codon is located.
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Upstream from position 346, the ORF shifts to reading frame 2. Nucleotide sequence comparisons of this sequence with those of other potyviruses, including WMVII, indicate that the ZYMV-F cDNA insert contains about half of the NIb protein gene, the entire coat protein gene, and the entire 3' untranslated region. Alignment of the deduced amino acid sequences shown in Fig. 3 with similar sequences from WMVII (USA) (selected because it shares the highest degree of identity with ZYMV-F; see Table l) suggests that a frameshift probably occurs between positions 335 and 345. The deduced amino acid sequences of WMVII (USA) and ZYMV-F share identity in reading frame 2, 3' of position 335, and in reading frame 3, 5' of position 345 (data not shown). Both DNA strands of the clone pZYMV-15 were sequenced (Fig. 1) , and these sequencing experiments were repeated three times. However, no differences from the sequence presented in Fig. 3 were found. As with the clone pWMVII-3.2, the frameshift in the sequence of pZYMV-15 is most likely an artefact of the recombinant DNA cloning procedure. Whatever the reason for this frameshift, our comparisons show that the sequences located downstream from nucleotide position 345 of the ZYMV-F genome (Fig. 3) are consistent with the nucleotide and amino acid sequences from Other potyviruses. These comparisons also reveal the predicted boundary between NI b and the coat protein which is shown in Fig. 3 .
Comparisons of the coat protein genes of WMVII (USA) and ZYMV-F
The region encoding the coat protein of WMVII (USA) is 843 nucleotides in length (nucleotides 2210 to 3052, Fig. 2 ) and the deduced coat protein is 281 amino acids (31.3K). By comparison, the predicted coat protein of ZYMV is 279 amino acids (31.4K) (nucleotides 894 to 1730, Fig. 3 ). The nucleotide and deduced amino acid sequences of the WMVII (USA) coat protein were compared with those of other potyviruses, and the results of these comparisons are presented in Table 1 . At the nucleotide level, the closest relative to WMVII (USA) is WMVII (Aust.) which shares 93~ identity, followed by SMV-N (84.4~ identity). In contrast, the nucleotide sequences for the coat protein region of the other potyviruses listed in Table 1 were found to differ distinctly from WMVII (USA), with most sharing approximately 65~ identity with WMVII (USA). Relative to other potyviruses, the nucleotide sequence of the coat protein region of ZYM¥-F shares a slightly greater identity with WMVII (USA) (69.8~).
Comparison of the predicted coat protein amino acid (Dayhoff et al., 1979) ; see Methods.
~" Information not available. :~ From the WMVII strain described by Yu et al. (1989) and Frenkel et al. (1989) .
sequences of WMVII (USA) and ZYMV-F with those of other potyviruses reveals a complex set of relationships (Table 1) . In some cases, the results shown in Table 1 clearly define relationships among several potyviruses. The degree of sequence identities shared between WMVII (USA) and SMV-N, 84.4~o (nucleotide) and 82.6~ (amino acid), supports the classification of SMV-N as a strain of WMVII (Yu et al., 1989; . As expected, there is also a high degree of identity shared between the two WMVII isolates (94-7 nucleotide and 93~ amino acid). Such high levels of shared sequence identities are similar to those found among other groups of potyvirus strains. For example, PPV, PVY and PWV isolates share 90 to 97~ amino acid identity (Shukla & Ward, 1989b) . Outside of the WMVH group, WMVI1 is more closely related to PWV (shared amino acid identity of 73~) followed by ZYMV-F (69.8~ nucleotide and 69.4~ amino acid) than to any of the other listed potyviruses (Table 1) .
Phylogenetic relationships based on coat protein gene sequences
Potyvirus relationships were further investigated by comparing the coat protein nucleotide sequences from 13 potyvirus coat protein genes (11 published sequences and those from Fig. 2 and Fig. 3 ). These sequences were simultaneously aligned with the aid of the CLUSTAL computer program (Higgins & Sharp, 1988 Fig. 4 . Most-parsimonious solution for the alignment of the nucleotide sequence of the coat protein gene from 13 potyviruses. When appropriate, virus strains are indicated; references for the potyvirus sequences used for this analysis are given in Methods. Potyvirus coat protein gene sequences were aligned (data not shown) using the multiple alignment program CLUSTAL (Higgins & Sharp, 1988 . The most-parsimonious solution was determined using the PAUP program (Swofford, 1985) without assignment of a rooting sequence, thus the solution is presented as a bush. Branch lengths, the total number of mutations between nodes, are indicated for each virus and at the internodes of groupings. positions contained a large number of gaps and no positions which were common (consensus) among the sequences. The alignment of the remaining 718 positions required few gaps, and 29~ of these positions showed a consensus among the sequences (data not shown). This result is consistent with the finding of considerable length and sequence variation in the N-terminal regions of potyvirus coat proteins (Shukla & Ward, 1989a, b) . Because of the high degree of divergence in the first 156 positions, they were found not to be informative in determining potyvirus relationships. The remaining 718 positions were used to reconstruct the genealogical relationship of these 13 aligned coat protein gene sequences using the PAUP program (Swofford, 1985) , which determines the most-parsimonious branching arrangements. We first attempted to determine whether any one of the possible branching arrangements would define a most-parsimonious rooted tree by using each potyvirus sequence as the fixed ancestor. These attempts indicated that none of 13 sequences could convincingly be used as an outgroup to obtain a rooted tree. However, these attempts did show that some particular grouping patterns (the grouping of BYMV-GDD, PeMV and PVY-N and the grouping of WMVII strains, ZYMV-F and JGMV-JG; see Fig. 4 ) remained unaltered no matter which potyvirus sequence was selected as the ancestral root. Because we presently have no obvious outgroup for potyviruses, we chose to present the solution as an unrooted tree (Fig. 4) .
The unrooted tree generated by the computer program (Fig. 4) revealed a more detailed picture of the relationships among potyviruses than that suggested by Table 1 . The relationships among the examined potyviruses suggest the existence of two major branches. One branch contains PeMV, PVY-N, BYMV-GDD, TEV-HAT, TVMV and PPV-NAT and the other branch contains WMVII (USA), WMVII (Aust.), SMV-N, ZYMV-F, JGMV-JG, PRV-P and -W. The potyvirus relationships obtained here are, for the most part, consistent with those derived from amino acid sequence data (Shukla & Ward, 1989b) . The joining of JGMV-JG with the WMVII-related branch was somewhat surprising as it did not occur when amino acid sequence information was used (Shukla & Ward, 1989b) . Differences between the dendrogram in Fig. 4 and that of Shukla & Ward (1989b) could be due to the use of amino acid rather than nucleotide sequences for phylogenetic comparisons, or because we did not use the highly variable N-terminal sequences of the coat protein genes for our analysis. In addition, our comparison includes different potyviruses. We included nucleotide sequences from PRV-P, PRV-W (Quemada et al., 1990) and ZYMV-F (from Fig. 3 ), but excluded maize dwarf mosaic virus (MDMV) and PWV because their nucleotide sequences were not available to us.
The NI b protein of WMVII
The region encoding the NIb protein in clone pWMVII-3.2 was determined, by comparison with the homologous protein of other potyviruses, to extend between nucleotides 659 and 2209 (Fig. 2) . Within this region, a translation termination codon (UGA) is encountered at the 49th codon from the putative N terminus of the N ]b protein. The presence of this codon is inconsistent with the findings of others which indicate that potyvirus genomes are translated as a single polyprotein (Yeh & Gonsalves, 1985; Allison et al., 1986; Domier et al., 1986; Maiss et al., 1989; Robaglia et al., 1989) . If we assume that this termination codon is a cloning artefact, the predicted size for the deduced WMVII (USA) NI b protein (beginning at the hypothetical Gln-Ser cleavage site) is approximately 59.3K, which is consistent with the sizes calculated for TVMV (59.1 K; Domier et al., 1986) , PVY-N (59-9K; Robaglia et al., 1989) , PPV-NAT (59.5K; Maiss et al., 1989) and TEV-HAT (58.3K; Allison et al., 1986) . Comparison of nucleotide and amino acid sequences of the WMVII (USA) NI b protein gene with the NI b protein gene of these other potyviruses shows approximately the same degree of shared identities as was found for their corresponding coat proteins (Table 1) .
The Y untranslated regions
The 3' untranslated regions of WMVII and ZYMV RNA are 256 and 215 nucleotides in length, respectively. This difference in length reflects the overall variability in the sequence of this region found among the p~tyviruses studied so far (Dougherty et al., 1985; Quemada et al., 1990) . In order to determine the extent of potential secondary structure formation in this region, the UWGCG program FOLD was used. Secondary structures with free energies of -12.0 kJ [WMVII (USA)] and -11-4 kJ (ZYMV-F) were predicted, indicating the absence of strong secondary structure in this region. Furthermore, the results, when depicted by the program SQUIGGLES, showed no obvious secondary RNA structure similarity between WMVII (USA) and ZYMV-F (data not shown).
Discussion
The phylogenetic analysis presented in Fig. 4 derived from coat protein nucleotide sequence information reveals two discernible branches among the 13 potyviruses examined. As additional sequences are determined for other potyviruses, the validity of this initial framework can be tested. A detailed comparison of the biological properties known for these viruses may also help to validate this branching order. Serological crossreactivity reported between WMVII and ZYMV (Purcifull et al., 1984; Davis, 1986) supports the phylogenetic grouping of these viruses (Fig. 4) .
The phylogenetic analysis has revealed relationships which are not apparent from sequence identity calculations presented in Table 1 . For example, at the nucleotide level, Table 1 indicates that PRV-P and PVY-N are more closely related to WMVII (USA) than JGMV-JG is; however, Fig. 4 indicates the reverse. JGMV-JG is more closely related to WMVII (USA) than PVY and PRV-P are. The critical difference between these analyses is that the alignments used for the PAUP program were obtained by a program which takes into consideration the optimal alignment of all of the sequences simultaneously (multiple alignment; Higgins & Sharp, 1988 , while the comparisons shown in Table 1 were obtained by individual alignments made between pairs of potyvirus sequences.
The deduced amino acid sequence of the WMVII (USA) coat protein (Fig. 2) shares 94.7~ identity with the amino acid sequence of the WMVII isolate described by Yu et al. (1989) and Frenkel et al. (1989) ; see Table 1 . The degree of identity between these two WMVII coat proteins is somewhat higher (97.5~) if evolutionarily conserved amino acids are taken into account (Table 1) .
Both WMVII coat protein sequences share a similar level of sequence identity with the coat protein of SMV-N (Eggenberger et al., 1989) , 82.6 ~o for WMVII (USA) and 82% for the sequence reported by Yu et al. (1989) and Frenkel et al. (1989) . The coat protein sequence of WMVII (USA) contains a stretch of 16 amino acids that are also present in WMVII (Aust.) but are absent from the closely related SMV-N coat protein. This 16 amino acid insertion/deletion in these coat protein genes should be useful for further characterization of WMVII strains. Our analysis does reveal a 5~o amino acid sequence difference between the two WMVII isolates which contain this 16-amino acid region. Comparison of additional sequence data from the WMVII and SMV-N genomes will serve to clarify further the relationships between the viruses belonging to the WMVII group.
